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computing is provided that includes defining plural processor
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a processor performance state. At least one processor is
assigned to each of the plural processor performance bins.
Processor performance metrics of at least one of the proces-
sors are monitored while the at least one of the processors
executes an incoming task. Processor power is modeled based
on the monitored performance metrics. Future incoming
tasks are assigned to one of the processor performance bins
based on the modeled processor power.
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COMBINED DYNAMIC AND STATIC POWER
AND PERFORMANCE OPTIMIZATION ON
DATA CENTERS

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to semiconductor process-
ing, and more particularly to methods and apparatus for con-
trolling the behavior of multiple processors in a distributed
computing system.

2. Description of the Related Art

Explosive growth in data center construction has fueled a
need for energy consumption awareness, both from the per-
spective of server power and data center cooling power. Mod-
ern servers routinely contain multiple processors and data
centers scores or hundreds of servers. Spread out over hun-
dreds of servers, processor power consumption can be enor-
mous. Large numbers of servers and processors dissipate heat
and require significant amounts of chilled air to both avoid
thermal performance or shutdown issues and to operate at
more electrically efficient temperatures. The power con-
sumed by servers directly affects the power required by aux-
iliary equipment and cooling. Thus, server power conserva-
tion translates into overall data center power savings.

Central processing units (CPUs) are organized as nodes
with multiple nodes combined into a cluster. One existing
solution to increase power consumption efficient utilizes a
local algorithm(s) that attempts to maximize power efficiency
utilizing information from the processing node. These solu-
tions that rely solely on the local governor provided by the
CPU vendor are consequently local to a node and not neces-
sarily related to the cluster workload.

Another prior solution utilizes heterogeneous clusters
composed of processors having distinct power and perfor-
mance characteristics. These approaches use rough heuristics
to direct workloads to the processors with the expected best
match. Such approaches are static in nature, since the cluster
configuration is static, and do not take dynamic workload
execution characteristics into consideration. Other previous
solutions override the local CPU governor and control the
power states globally. Due to the global nature, these solu-
tions are less likely to be able to react quickly to local changes
in the power demands.

Modern processors feature Dynamic Voltage and Fre-
quency Scaling (DVES). Power-aware optimizations make
use of this feature to trade-off power and performance. Each
voltage and frequency operating point represents a power-
saving state of the processor. There are multiple levels of
power conservation, the deeper the state the higher the sav-
ings, though with an increasing time penalty for state switch-
ing. Such processors are equipped with the aforementioned
local governors that react to microarchitectural utilization
parameters and control processor power states. Such gover-
nors are able to react quickly to changing architectural
demands, however the decision process is made utilizing only
local information.

Another prior solution involves asymmetric clusters con-
sisting of nodes of varying computation capabilities, and
corresponding power envelopes. One cluster is composed of
power-efficient and lower-performance Atom processors, and
more high-performance (and power-hungry) Sandy Bridge
processors. This technique utilizes a heuristic to classify each
task as either CPU-bound or I/O-bound. CPU-bound tasks are
scheduled to high-performance (and thus higher power con-
sumption) processors, whereas I/O tasks are scheduled to the
lower-performance (lower power consumption) nodes.
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The present invention is directed to overcoming or reduc-
ing the effects of one or more of the foregoing disadvantages.

SUMMARY OF EMBODIMENTS OF THE
INVENTION

In accordance with one aspect of an embodiment of the
present invention, a method of computing is provided that
includes defining plural processor performance bins where
each processor performance bin has a processor performance
state. At least one processor is assigned to each of the plural
processor performance bins. Processor performance metrics
of at least one of the processors are monitored while the at
least one of the processors executes an incoming task. Pro-
cessor power is modeled based on the monitored performance
metrics. Future incoming tasks are assigned to one of the
processor performance bins based on the modeled processor
power.

In accordance with another aspect of an embodiment of the
present invention, a method of computing is provided that
includes receiving at a remote computing system an incoming
task from a local computing device. The remote computing
system has plural processors and plural defined processor
performance bins. Each processor performance bin has a
processor performance state and at least one processor is
assigned to each of the plural processor performance bins.
Processor performance metrics of at least one of the proces-
sors are monitored while the at least one of the processor
executes the incoming task. Processor power is modeled
based at least in part on the monitored performance metrics.
Future incoming tasks are assigned to one of the processor
performance bins based at least in part on the modeled pro-
cessor power.

In accordance with another aspect of an embodiment of the
present invention, a computing system is provided that
includes a decision device operable to define plural processor
performance bins where each processor performance bin cor-
responds to one of multiple processor performance states.
Plural processors are coupled to the decision device. Each
processor has the multiple processor performance states. The
system includes instructions in a computer readable medium
for assigning at least one processor to each of the plural
processor performance bins, monitoring processor perfor-
mance metrics of at least one of the processors while the at
least one of the processors executes an incoming task and
model processor power based on the monitored performance
metrics, and assigning future incoming tasks to one of the
processor performance bins based on the modeled processor
power.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other advantages of the invention will
become apparent upon reading the following detailed
description and upon reference to the drawings in which:

FIG. 11is a schematic view of an exemplary embodiment of
a distributed computing system that includes a computing
device connected to a remote computing system;

FIG. 2 is a schematic view of an exemplary embodiment of
a remote computing system;

FIG. 3 is a schematic view of an exemplary processor;

FIG. 4 is a schematic view of an alternate exemplary pro-
cessor performance bin; and

FIG. 5 is a schematic flow chart of an exemplary method of
operating the distributed computing system.
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DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

Various apparatus and methods for distributing computing
workloads among multiple processors of, for example, a data-
center cluster are disclosed. In one variant, a decision device,
such as a server or computer, defines plural processor perfor-
mance bins where each processor performance bin has a
processor performance state. At least one processor is
assigned to each of the plural processor performance bins.
Processor performance metrics of at least one of the proces-
sors are monitored while the at least one of the processors
executes an incoming task. Processor power is modeled based
on the monitored performance metrics. Future incoming
tasks are assigned to one of the processor performance bins
based on the modeled processor power. Additional details
will now be described.

In the drawings described below, reference numerals are
generally repeated where identical elements appear in more
than one figure. Turning now to the drawings, and in particu-
lar to FIG. 1, therein is shown a schematic view of an exem-
plary embodiment of a distributed computing system 10 that
includes a computing device 11 connected to a remote com-
puting system 12. The computing device 11 may be a com-
puter, a smart television, a handheld mobile device, a server or
any other computing device. The remote computing system
12 may be a server, data center or other remote computing
system. The computing device 11 is operable to generate an
incoming task 13 that is delivered to the remote computing
system 12. Examples are legion and include a call to open a
particular web page, play a media file, store a file remotely or
other operation. In response to the incoming task 13, the
remote computing system 12 is operable to generate an out-
going task 14. Again, examples are numerous, such as open-
ing a web page, a media file or other operation. In the ordinary
course of internet communications, for example, such incom-
ing task(s) 13 and outgoing task(s) 14 may occur in large
numbers.

Additional details of an exemplary embodiment of the
remote computing system 12 will now be described in con-
junction with FIG. 2, which is a schematic view. The remote
computing system 12 may include a cluster 15 of plural
processors logically connected to a DECISION DEVICE 20
by way of connections 25, 30, 35, 40, 45, 50, 55, 60 and 65,
respectively, and organized into one or more performance
bins BIN 1, BIN 2 ... BIN M. For the sake of simplicity at this
stage, the processors are abbreviated “CPU” along with some
numerical identifier, e.g., CPU (1,1), CPU (2,1)...CPU (N,1)
where the first digit represents the processor number and the
second digit represents the performance bin number. The
term “CPU” is used herein as an abbreviation for not only
CPUs, but also processors and integrated circuits of other
sorts, such as graphics processing units (GPUs), combined
CPU/GPUs known as accelerated processing units (APUs),
ASICs or other devices.

The various processors CPU (1,1) . . . CPU (M,N) of the
cluster 15 will typically have some default collection of avail-
able performance states that are a combination of core voltage
and frequency. For example, certain varieties of an AMD
Opteron® processor have five performance states based
largely on frequency differences between 800 MHz and 2
GHz. Conversely, an example of an INTEL® core i7 proces-
sor has 14 performance states operating from 1.2 GHz to 2.8
GHz. These discrete power states may be hard wired into the
processors at the fabrication stage or be capable of being set
later by way of fuses and/or onboard registers that may be
programmed by way of a BIOS or other system. For simplic-
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ity of description, assume that the processors CPU (1,1) ...
CPU (M,N) may have three different performance states that
are represented by Table 1 below.

TABLE 1

Available Processor Performance States

Processor Operating Processor
Performance Voltage Frequency Power
State (volts) (GHz) (watts)
1 1.0 2.0 95
2 1.1 2.5 110
3 1.3 3.0 125

Thus, performance state 1 corresponds to a hypothetical oper-
ating voltage of 1.0 volts, a frequency of 2 GHz and a pro-
cessor power of 95 watts. Processor power consumption for a
given performance state may be proxied by thermal design
power (TDP). Performance state 2 corresponds to 1.1 volts,
2.5 GHz and 110 watts, and performance state 3 corresponds
to 1.3 volts, 3.0 GHz and 125 watts. These numerical
examples are hypothetical but useful to illustrate the process
described herein.

The definition of the performance bins BIN 1, BIN 2 . ..
BIN M will now be described in conjunction with FIG. 2. As
just noted, the various processors CPU (1,1) .. . CPU (M,N)
of'the cluster 15 will typically have some default collection of
performance states that are a combination of core voltage and
frequency. The plural processors CPU (1,1) . .. CPU (M,N)
are organized into plural performance bins BIN 1, BIN 2. ..
BIN M, that are, in-turn categorized according to available
processor performance state as shown in Table 2 below.

TABLE 2

Performance Performance

BIN State
1 1
2 2
M M

Thus, BIN 1 is populated with plural processors CPU (1,1),
CPU(2,1) . . . CPU (N,1) at performance state 1, BIN 2 is
populated with plural processors CPU (1,2), CPU (2,2) ...
CPU (N,2) at performance state 2 and BIN M is populated
with processors CPU (1,M), CPU (2,M) . . . CPU (N,M) at
performance state M. The bins BIN 1, BIN 2. . . BIN M need
not be populated with the same number or type of
processor(s). It should be understood that the performance
bins BIN 1, BIN 2 . . . BIN M are similar to logical address
spaces. Thus, any of the processors CPU (1,1), CPU
(2,1)...CPU (N,1) for a given performance bin, say BIN 1,
may be physically located in the same structure or be distrib-
uted among various computing devices as desired. The same
is true for the other processors CPU (1,2), CPU (2,2)...CPU
(N,2) and CPU (1,M), CPU (2,M). .. CPU (N,M). The use of
performance bins BIN 1, BIN 2 .. . BIN M enables selective
routing of particular tasks to a collection of processors in a
particular performance bin in order to more efficiently utilize
the overall population of the processors in the various bins
BIN 1, BIN 2. . . BIN M. The decision device 20 is operable
to accomplish these routing decisions by way of the plural
connections. For example, schematically-represented con-
nections 25, 30 and 35 connect the decision device 20 to the
processors CPU (1,1), CPU (2,1) ... CPU (N,1), respectively.
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Schematically-depicted connections 40, 45 and 50 similarly
connect the decision device 20 to processors CPU (1,2), CPU
(2,2)...CPU (N,2), respectively, and schematically-depicted
connections 55, 60 and 65 connect the decision device 20 to
the processors CPU (1,M), CPU (2,M) . . . CPU (N.M),
respectively. The connections 25 through 65 may be wired,
wireless or some combination thereof and may consist of any
number of static and/or dynamic pathways that may or may
not include intervening devices, such as a switches, other
routers, servers, etc. The decision device 20 may be a proces-
sor, an ASIC, a computing system or other electronic device
capable of receiving and routing the incoming task 13 to a
CPU or CPUs of a performance bin, say BIN 1, that is appro-
priate for that particular task. In an exemplary embodiment,
the decision device 20 can share functions with a datacenter
cluster scheduler.

Typical examples of incoming tasks 13 traditionally known
as “CPU-bound tasks” include cloud-based search queries
and video coding and decoding, where such tasks tend to
involve more CPU operations and less storage disk opera-
tions. Typical examples of incoming tasks 13 traditionally
known as “I/O-bound tasks” include web-based email mes-
sage processing or image retrieval, where such tasks tend to
involve more storage disk operations and less CPU operations
than CPU-bound tasks.

In order to classify an incoming task 13 and match it to an
appropriate performance bin, e.g., BIN 1, the system 10, and
more particularly the decision device 20, monitors various
CPU performance counter metrics. The decision device 20
may include instructions stored in a computer readable
medium in order to perform the activities described herein. At
system startup, incoming tasks 13 may be routed using some
conventional rules. However, shortly after startup, and as
incoming tasks 13 continue to arrive, the system 10 continu-
ously and over short time intervals obtains performance met-
rics that may be associated with a particular incoming task 13.
The processors CPU (1,1) . . . CPU (N,M) may include
onboard logic to monitor one or more ofthe following param-
eters: number of unhalted cycles/second, number of retired
instructions/second, last-level-cache references/second, last-
level-cache misses/second, CPU load average, number of
page faults/second, context switches/second and CPU migra-
tion/second to name just a few. The monitoring of one or more
of'these types of CPU performance counter metrics and math-
ematical manipulation thereof, may be done in a variety of
ways. For example, models of CPU power versus various
CPU performance counter metrics may be developed to
quickly develop relationships between CPU power and per-
formance counter metrics. These modeled values of CPU
power may be mapped to the CPU power level i.e. perfor-
mance states associated with the previously identified and
characterized performance bins BIN 1, BIN 2. .. BIN M, etc.
A variety of modeling techniques may be used. For example,
a linear all parameter based model may be used with some or
all of the above-listed parameters and linear regression tech-
niques to yield a function that provides avalue P, . ... of
processor power for a given task as follows:

M

where (a, b, ¢, d) are the performance counter metrics used in
the model. The function n(a, b, ¢, d) may be generated con-
tinuously and in near real time depending on the performance
characteristics of the system. Thereafter, the value of modeled
processor power P, ;......... may be compared to the proces-
sor powers from Table 1 above. For example, assume that
P, simoderea—105 watts. The closest larger value of processor
power from Table 1 is 110 watts corresponding to perfor-
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mance state 2, so that particular modeled incoming task 13
(and future examples of it and others like it) will be assigned
to performance BIN 2 and thus routed to those processors
CPU (1,2), CPU (2,2) ... CPU (N,2) at performance state 2.
AvalueofP, . ... ~90watts would result in that particular
incoming task 13 being assigned to performance BIN 1 and
thus routed to the processors CPU (1,1), CPU (2,1)...CPU
(N,1) at performance state 1. The performance counter met-
rics may be polled periodically, but typically in short time
intervals, since incoming tasks 13 may be arriving continu-
ously and at great speeds.

The foregoing classification of tasks for routing to a par-
ticular performance bin is performed on a global basis, that s,
on the cluster 15 as a whole. However, it may be desirable to
enable local CPU governors 19 the option to manage perfor-
mance states on a more localized basis. The local CPU gov-
ernor may be able to react more quickly to short-term work-
load characteristics. Thus, a particular CPU governor 19 may
be operable to lower a performance state of a particular pro-
cessor in circumstances where the local CPU governor 19
determines that the performance state of a given processor
may be lower without adversely impacting through-put and
other performance characteristics. This feature enables a
greater level of granularity with regard to power savings by
way of localized processor management.

The integrated circuits that populate a given performance
bin, such as BIN M, may be any of a variety of different types
of processor types. For example, and as shown in FIG. 1, the
processors CPU (1.M), CPU (2,M) . .. CPU (N,M) of BIN 1
may all be CPUs. However, and as shown in FIG. 4, an
alternative performance BIN M may be populated with a
CPU, a graphics processing unit (GPU) and a so-called accel-
erated processing unit or APU, which combines aspects of a
microprocessor and a graphics processor. Considerable flex-
ibility in grouping various processors is envisioned.

Additional monitoring by the system 10 may be performed
over longer time intervals to readjust as necessary the popu-
lations of CPUs in the various performance bins BIN 1, BIN
2 ... BIN M. For example, the system 10 may determine that
the majority of incoming tasks 13 over some time interval can
and should be appropriately handled by processors in perfor-
mance BIN 1. In that circumstance, the system 10 may reas-
sign one more processors from BIN 2 or BIN M to BIN 1.
Reassigning a processor, such as CPU (2,1), to a different
performance bin will typically require the system 10 to alter
the performance state of the processor CPU (2,1), say from
state 2 to state 1, via DVFS or otherwise. This process of
monitoring incoming tasks 13 and adjusting performance bin
populations may be performed on a continuous basis. Bin
processor population adjustment can be up or down.

In addition, the system 10 is operable to readjust the per-
formance state of a given performance bin, such as BIN M, as
necessary to adjust to differing computing conditions. For
example, the system 10 may monitor incoming tasks 13 and
determine that over some longer interval, all of the incoming
tasks 13 require processor power than state M of performance
BIN M. In this circumstance, the system 10 can redefine the
performance state of BIN M to a lower level. This should
improve task execution. Bin performance state redefinition
can be up or down.

It should be understood that processor assignment to given
performance bin BIN 1, BIN 2 . . . BIN M and routing of
incoming tasks 13 could be accomplished on a per-core basis.
Thus, a processor with 12 cores could have some cores
assigned to BIN 1 and others to BIN M. Incoming tasks could
be assigned to the BIN 1 cores and others to the BIN M cores.
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An exemplary control loop using performance bins is
depicted in flow chart form in FIG. 5. Referring now to FIGS.
2 and 5, at step 100, the system 10 determines the available
processor power states. As noted above, the system 10 may
poll the available processors CPU (1,1) . . . CPU (N,M) at
system start up or at some other time to determine the avail-
able power states. At step 105, the system 10 defines perfor-
mance bins BIN 1, BIN 2 . . . BIN M based on the available
processor power states 105. At step 110, the system 10 assigns
the processors CPU (1,1) . . . CPU (N,M) to the various
performance bins BIN 1, BIN 2 .. . BIN M. At step 115, the
system 10 monitors processor performance metrics for
incoming tasks 13. This process may involve polling the
various processors to obtain data from the processors CPU
(1,L1) . . . CPU (N,M)s’ on-board performance metric
counters. At step 120, the processor power P, ;... ..... 18
modeled based on the monitored processor performance met-
rics from step 115. At step 125, incoming tasks are assigned to
particular performance bins BIN 1, BIN 2. .. BIN M based on
the model processor power P,,..ozeq- Concurrently,
although based on somewhat longer timer intervals, at step
130 the system may adjust processor populations of the per-
formance bins BIN 1, BIN 2 . . . BIN M based on the monitor
processor performance metrics for incoming tasks at step
115. Similarly, at step 135, the system 10 may adjust the
performance states of one or all of the performance bins BIN
1, BIN 2 . . . BIN M based on the monitored processor
performance metrics. Step 125 may return to step 100 as
desired. Similarly, steps 130 and 135 may returnto step 115 as
desired. If local governor override control is enabled, then at
step 140, the local governor 19 for a given processor CPU
(1,1)...CPU (N,M) may adjust the performance state of that
processor based on local workload sensing. Step 140 may
return to step 100.

While the invention may be susceptible to various modifi-
cations and alternative forms, specific embodiments have
been shown by way of example in the drawings and have been
described in detail herein. However, it should be understood
that the invention is not intended to be limited to the particular
forms disclosed. Rather, the invention is to cover all modifi-
cations, equivalents and alternatives falling within the spirit
and scope of the invention as defined by the following
appended claims.

What is claimed is:

1. A method of computing, comprising:

defining plural processor performance bins, each processor

performance bin having a processor performance state,
each processor performance state including a processor
power state;

assigning at least one processor to each of the plural pro-

cessor performance bins;

monitoring processor performance metrics of at least one

of'the processors while the at least one of the processors
executes a task;

modeling processor power based on the monitored perfor-

mance metrics to generate an expression of modeled
processor power as a function of the monitored perfor-
mance metrics for the task; and

assigning future incoming tasks that are identical or similar

to the task to one or more of the processors in the pro-
cessor performance bin having the processor power state
that is greater than or equal to the modeled processor
power.

2. The method of claim 1, wherein each of the processors
includes a local governor, the method comprising enabling
the local governor to lower a power state of its corresponding
processor.
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3. The method of claim 1, comprising polling each proces-
sor to determine its available power states and defining the
plural processor performance bins based on the polled avail-
able power states.

4. The method of claim 1, wherein the processors comprise
a cluster.

5. The method of claim 1, wherein the processors comprise
a CPU, a GPU or an APU.

6. The method of claim 1, comprising reassigning one or
more of the processors to a different processor performance
bin.

7. The method of claim 1, comprising redefining one or
more of the processor performance bins based on different
processor performance states.

8. A method of computing, comprising:

receiving at a remote computing system a task from a local
computing device, the remote computing system having
plural processors, plural defined processor performance
bins, each processor performance bin having a processor
performance state, each processor performance state
including a processor power state, at least one processor
being assigned to each of the plural processor perfor-
mance bins;

monitoring processor performance metrics of at least one
of the processors while the at least one of the processor
executes the task;

modeling processor power based at least in part on the
monitored performance metrics to generate an expres-
sion of modeled processor power as a function of the
monitored performance metrics for the task; and

assigning future incoming tasks that are identical or similar
to the task to one or more of the processors in the pro-
cessor performance bin having the processor power state
that is greater than or equal to the modeled processor
power.

9. The method of claim 8, wherein the local computing
device comprises a handheld mobile, a personal computer or
a smart television.

10. The method of claim 8, wherein the remote computing
system comprises a processor cluster.

11. The method of claim 8, wherein each of the processors
includes a local governor, the method comprising enabling
the local governor to lower a power state of its corresponding
processor.

12. The method of claim 8, comprising polling each pro-
cessor to determine its available power states and defining the
plural processor performance bins based on the polled avail-
able power states.

13. The method of claim 8, wherein one or more of the
processors comprise a CPU, a GPU or an APU.

14. A computing system, comprising:

a decision device operable to define plural processor per-
formance bins, each processor performance bin corre-
sponding to one of multiple processor performance
states, each processor performance state including a pro-
Cessor power state;

plural processors coupled to the decision device, each pro-
cessor having the multiple processor performance
states; and

whereby the system includes instructions in a computer
readable medium for assigning at least one processor to
each of the plural processor performance bins, monitor-
ing processor performance metrics of at least one of the
processors while the at least one of the processors
executes a task and model processor power based on the
monitored performance metrics to generate an expres-
sion of modeled processor power as a function of the
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monitored performance metrics for the task, and assign-
ing future incoming tasks that are identical or similar to
the task to one or more of the processors in the processor
performance bin having the processor power state that is
greater than or equal to the modeled processor power.
15. The computing system of claim 14 wherein each of the
processors includes a local governor operable to lower a
power state of its corresponding processor.
16. The computing system of claim 14, wherein the pro-
cessors comprise a cluster.
17. The computing system of claim 14, wherein one or
more of the processors comprise a CPU, a GPU or an APU.
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